Constraints on leptogenesis from a symmetry viewpoint 
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It is shown that type I seesaw models based on the standard model Lagrangian extended with 
three heavy Majorana right-handed fields do not have leptogenesis in leading order, if the symmetries 
of mass matrices are also the residual symmetry of the Lagrangian. In particular, flavor models 
that lead to a mass-independent leptonic mixing have a vanishing leptogenesis CP asymmetry. 
Based on symmetry arguments, we prove that in these models the Dirac-neutrino Yukawa coupling 
combinations relevant for leptogenesis are diagonal in the physical basis where the charged leptons 
and heavy Majorana neutrinos are diagonal. 
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I. INTRODUCTION 

After Harrison, Perkin, and Scott (HPS) pointed 
out that leptonic mixing at low energies could be de- 
scribed by the so-called tribimaximal mixing, many at- 
tempts at explaining this pattern using continuous or 
discrete symmetry groups have been prompted. Besides 
specifying the mass matrix textures, any flavor symme- 
try imposed to a model also leads to a particular mixing 
pattern. Furthermore, textures coming from symmetries 
are usually very restrictive, since not only do they for- 
bid some couplings, but also yield relations among them. 
Among these textures, the so-called mass-independent 
textures [2j], i.e. textures where the mass matrix diago- 
nalization is independent of mass parameters, are com- 
mon in models with flavor symmetries. In the leptonic 
sector, the advantage of assuming such a setup is that 
the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic 
mixing matrix turns out to be independent of any mass 
parameter or hierarchy, without any accidental cancel- 
lation or fine tuning. In particular, the HPS tribimax- 
imal mixing can be obtained from a /i — t and magic 
symmetric low-energy neutrino mass matrix Notice 
however that tribimaximal mixing does not necessarily 
require this setup. Rather than a consequence of an un- 
derlying flavor symmetry^ it could arrive from various 
low-energy constructions |3] . 

By predicting the leptonic mixing and neutrino mass 
spectrum, models based on flavor symmetries also offer 
the possibility to address other fundamental problems 
such as the matter- antimatter asymmetry observed in the 
Universe. Among several viable mechanisms, leptogene- 
sis [3] has become one of the most attractive scenarios. 
In its simplest realization, the standard model (SM) is 
extended to include heavy singlet right-handed neutrinos 
(type I) or heavy scalar triplets (type II) , which also pro- 



vide a natural explanation for the tiny masses of the light 
neutrinos through the seesaw mechanism Q . 

Recently, leptogenesis from type I seesaw and flavor 
symmetries with exact HPS mixing have been put into 
conflict [6|. In particular, it has been argued that the 
models in the literature that generate an exactly tribi- 
maximal leptonic mixing matrix using a flavor symmetry 
do not have leptogenesis and, consequently, higher-order 
symmetry breaking corrections are required in these 
models to produce a nonvanishing leptogenesis asymme- 
try. Nevertheless, in Ref. [7], a model was proposed which 
leads to the HPS leptonic mixing pattern and, simulta- 
neously, to an exact degeneracy of the heavy Majorana 
neutrinos. Although in this framework there is no lep- 
togenesis in leading order, it becomes viable if the right- 
handed neutrino degeneracy is lifted either by renornial- 
ization group effects or by a soft breaking of the flavor 
symmetry, without the need of higher-order corrections. 

One may wonder whether the above feature, namely, 
the absence of leptogenesis in models with flavor symme- 
tries and HPS leptonic mixing, is specific to these models 
or it is a more general property. The aim of this work is 
to demonstrate that the type I seesaw models commonly 
discussed in the literature and, particularly, flavor mod- 
els that lead to a mass-independent leptonic mixing, have 
a vanishing leptogenesis CP asymmetry in leading order. 
In these models, the relevant Dirac-neutrino mass ma- 
trix combinations are real and in general diagonal, thus 
preventing leptogenesis to occur. If a hybrid type I/II 
seesaw framework is invoked, leptogenesis can then be 
realized in a more natural way. 



II. SYMMETRIES OF MAJORANA MASS 
MATRICES 



Majorana mass terms of the form 
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are common in most of the SM extensions. Mass matrices 
arising from these terms are symmetric and, in general, 
complex. Any symmetric matrix and, in particular, the 
3x3 effective Majorana mass matrix for light neutrinos 
m,y, has the symmetry 

Glm^Gl = , (2) 

where Ql is a unitary matrix. The matrix can be 
diagonalized through a unitary matrix U^, such that 

Ulm.U: = , (3) 

where dy — diag(mi, m2, ma), with rrii real and positive. 
From Eqs. ^ and one obtains 

g'ld^g'i = , (4) 

where 

Q'L = ulgLU,. (5) 

Clearly, the generators Ql-^ under which the effective neu- 
trino mass matrix is invariant according to Eq. ([2|), 
are built from the columns of the matrix Uu that diago- 
nalizcs 711^. 

Let us find the possible choices for the symmetry 
groups under which the matrices Q'j^ are invariant. It 
is clear that after the diagonalization of the Majorana 
mass matrix , there is always a freedom to redefine the 
Majorana fields vn ± v^i . Obviously, this transfor- 
mation corresponds to the Z2 x Z2 x Z2 symmetry group 
and leaves di, diagonal, real and positive. If Q'j^ belongs 
to SU (3) then the symmetry is reduced to Z2 x Z2. Note 
also that the symmetry group of Q'j^ is also the symme- 
try group of Ql , since they are connected by a similarity 
transformation. 

Now we may ask the following question: Is Z2 x Z2 x 
Z2 the maximal symmetry group of the Majorana mass 
matrix rriu or can one have another symmetry group G, 
such that G D Z2 X Z2 X Z2? In order to answer this 
question, let us consider Eq. ([4]), rewritten as 

Q'ldu = d.^f . (6) 

This equation leads to relations of the type 

{QL)j^ rrij ^ m, {Q'^)^^ (i ^ j) , (7) 

which imply that either rrii — rrij or = for i ^ j. 

Thus, Q'j^ has to be a real diagonal matrix, if there is 
no degeneracy in d^. This result is completely general 
and it is just a consequence of the mathematical proper- 
ties of symmetric matrices 0, Q . Since neutrino oscilla- 
tion data requires the light-neutrino mass spectrum to be 
nondegenerate, we conclude that the maximal symmetry 
group of TTij/ is indeed ^2X^2X^2. This symmetry is 
also connected to the freedom Q one has of reversing the 
"arrows" of the sides of Majorana unitarity triangles p^ . 



III. SYMMETRIES IN TYPE I SEESAW 
MODELS AND LEPTOGENESIS 

In the literature, models that lead to a specific mixing 
pattern typically impose a symmetry on the Lagrangian 
and not on the mass matrices. In the most conserva- 
tive SM extensions, a horizontal symmetry is initially 
assumed, which is then partially broken so that a resid- 
ual symmetry remains in the final Lagrangian. Different 
models and symmetry breaking patterns will then lead 
to different mass matrix structures. 

In the type I seesaw framework, the matrix is con- 
structed through the standard seesaw formula 

rrii, — nioMj^^mJ) , (8) 

which arises from the SM Lagrangian extended with three 
heavy Majorana neutrino fields vn, 

-£ = TTTmnJ/fl + ij/^A/flt/_R + H.c, (9) 

after integrating out the heavy fields. Here mu is the 
Dirac-neutrino mass matrix, which is a general complex 
matrix, diagonalizable through unitary matrices Uj^ and 
such that 

C/f ^ ruD Uj^ = dD, (10) 
with du a real diagonal matrix. When m/^ is Hermitian, 

Being that Mj^ is a symmetric matrix, its symmetries 
can be studied analogously to m^. In particular, 

GrMrGr = Mr , (11) 

where, as before, the symmetry generators Gr are built 
from the columns of the unitary matrix Ur that diago- 
nalizes Mr, 

UIMrUr = dR , (12) 

with dR — diag(Afi, M2, M3) and Mi real and positive. 

Let us next study the implications of a residual sym- 
metry in the Lagrangian of Eq. ([9]) for the viability of 
leptogenesis in flavor models. We recall that the basic 
quantity in the calculation of the leptogenesis CP asym- 
metry is the matrix combination H = m'^m'j^, where 
m'jj = moUR is the Dirac-neutrino mass matrix in the 
weak basis where the charged lepton and heavy Majo- 
rana neutrino mass matrices are diagonal [cf. Eqs. (|9l) 
and ([T^ ]. In this basis, the matrix H can be rewritten 
as 

H = VHdHV}j, dH = \dD\'', VH^Ului- (13) 

In the context of type I seesaw, this combination appears 
in the unflavored leptogenesis GP-asymmetries as 

e,(x^/,,Im[i?2], (14) 
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while for the so-called flavored asymmetries ef , the con- 
tributions are of the form 

oc ^ Im{™D,„?7iD,aj[/»ji^ij + 9ijHjt]} , (15) 

where fij and gij are real scalar functions. In both cases, 
the off-diagonal elements of the matrix H are the relevant 
ones, so in order to guarantee a nonzero CP asymmetry 
the following conditions cannot be verified: 

(i) dffcxl, (ii) Vh^VK, (16) 

where V are the permutation matrices of three elements, 
i.e. the set of matrices that represent the ^3 group ele- 
ments, and if is a phase diagonal matrix. If the heavy 
Majorana neutrino mass spectrum has some degeneracy, 
then there is an additional freedom to rotate the corre- 
sponding sector by a real orthogonal matrix O. In this 
case, V should be replaced by OP in condition (ii). An 
admixture of the two cases is also forbidden. 



A. Symmetry of mass matrices as Lagrangian 
residual symmetry 

In order to have the symmetry of mass matrices as a 
residual symmetry of the Lagrangian, Eq. Q must be 
invariant under the transformations 

vl^QlI'l, i^r^GbMr, (17) 

where Gl and Gr are defined by Eqs. ([2]) and pT|) . re- 
spectively. Therefore, from Eq. ^ we get the additional 
relation 

G^tudGr = niD ■ (18) 

Let us analyze the consequences of this equation for 
leptogenesis. In the basis where the heavy Majorana neu- 
trinos are diagonal, we can rewrite the symmetry equa- 
tions as 

G'IdRG'R = dR, G'IhG'r = H, (19) 

with 

G'r - uIGrUr. (20) 

Assuming a nondegenerate heavy neutrino mass spec- 
trum, the first relation in Eq. requires the x Z2 x 
Z2 symmetry generators G'r to be diagonal. Since by con- 
struction [2,, _8|| each symmetry generator Gm (* = 1, 2, 3) 
is obtained from a different column of the matrix Ur 
that diagonalizes Mr, the generators G'r^ cannot take 
the same form. Their explicit forms are thus given by 
G'ri = diag(l,l,-l), G'r2 = diag(l,-l,l) and ^^^3 = 
diag(— 1, 1, 1). The action of any two of these matrices in 
the second relation of Eq. would then enforce H to 
be diagonal. Notice that this conclusion also holds if the 
symmetry generators G'r belong to SU{i) {detG'R — 1)- 



This in turn implies that one of the conditions given in 
Eq. (Uni), or a combination of them, has to be verified, 
leading then to a vanishing leptogenesis asymmetry. 

Clearly, if one does not impose the complete mass ma- 
trix symmetry as the residual symmetry of Lagrangian 
([5]), the above conclusions do not necessarily remain 
valid. For instance, requiring the right-handed sector of 
the Lagrangian to be invariant just under the transfor- 
mation vr Gri vr would lead to vanishing Hiy, and 
off-diagonal elements. Yet, a leptogenesis asymme- 
try could in principle be generated with a nonvanishing 
H12 matrix element. 

Let us now consider a degenerate heavy neutrino spec- 
trum. To be specific, let us assume a completely degen- 
erate mass spectrum, i.e. (Ir = Mdiag(l, 1, 1). The case 
with double degeneracy trivially follows from this anal- 
ysis. We start by noticing that in this case GrG'r = 1 
and 

GR^duG'k = dH, G'k = V^G'rVh. (21) 

with du and Vh defined in Eq. (1131) . Furthermore, if d^ 
is completely degenerate, then condition (i) in Eq. 
is verified and the leptogenesis CP asymmetry vanishes. 
When du is partially degenerate, only the nondegenerate 
sector contributes to leptogenesis. Therefore, we can re- 
strict our analysis to the case when du is nondegenerate. 
From the orthogonality condition of G'r we get 

G'rV^VhG'r - V^Vh, (22) 

which means that V^Vh is diagonal in accordance with 
Eq. dH]). 

Since Vh is a 3 x 3 unitary matrix, it contains nine free 
parameters. We shall conveniently parametrize it as 

Vh O1KO2, (23) 

where Oi and O2 are two real orthogonal matrices with 
three rotation angles each, and X is a phase diagonal 
matrix with three independent phases. Notice that the 
above parametrization of a unitary matrix is different 
from the one commonly used in the literature, which 
contains three rotation angles and six phases. Using 
parametrization (I23p one has 

V^Vh = OlK^02- (24) 

In order to have this combination diagonal at least one 
of the following conditions must be fulfilled: 

1) 09 = dP, d = diag(±l,±l,±l); 

2) X^ = e'"l. ^ ' 

If the first condition is verified, we get from the definition 
given in Eq. that 

H = Oid'HOf, d'H = KdrdnV^dK*, (26) 

where d'^ is real and diagonal. When the second condi- 
tion holds, 

H = 0i02dH0l0i. (27) 
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In both cases, the matrix H is real and, in general, non- 
diagonal. Yet, due to the heavy neutrino spectrum de- 
generacy there is always a freedom to redefine the right- 
handed fields by an orthogonal transformation, so that 
all the real off-diagonal entries in H are put to zero and 
the matrix H is rendered diagonal. Therefore, no lepto- 
genesis CP asymmetry can be generated in leading order. 
We remark that although two symmetry generators, 
and Qn, are introduced in Eq. pT| . only On is really 
needed in the above analysis for the proof of vanishing 
leptogenesis. This is due to the specific form of the ma- 
trix combination H that appears in the leptogenesis CP 
asymmetries. 

Before concluding this section let us also note that 
when Tod is not Hermitian, Eqs. ([8]) and ()18|) imply that 
the unitary matrices Uj^ and Uj^ that diagonalize to/^ 
have the form 

UE - U,PK, = UrP'K, (28) 

where V and 7-" are two arbitrary permutation matri- 
ces. Indeed, from Eq. (|18p it follows that the matrix 
is diagonalized on the left by a unitary matrix with the 
same columns of t/y and, on the right, by a unitary ma- 
trix with the same columns of Uu. This can be easily 
seen from the construction of the symmetry generators 
Gl,r through Eqs. ([5]) and ([20| . Since the order of the 
columns as well as the addition of any phase diagonal 
matrix on the right of U^, and Ur are irrelevant in this 
construction, one has the freedom to redefine the diago- 
nalizing matrices, Ui^^n — >■ U^^nV K, which then leads to 
the form given in Eq. Note that the phase diagonal 
matrix K should be the same in both Uj^ and Uj^. This 
follows from the seesaw Eq. ([8]) and the fact that the di- 
agonal matrix di, defined in Eq. ([3]) is real and positive. 
On the other hand, the permutation matrices V and V 
can be different, since they just reflect a reordering of the 
eigenvalues of tod and Mj^. For mo Hermitian, Eq. (jl8p 
implies Ql — Qr leading to Ur = UyVd. The case when 
the heavy neutrino sector has some degeneracy can be 
analogously analyzed since it simply corresponds to the 
replacement Ur Ur O, with O a real orthogonal ma- 
trix. 

We emphasize that the results presented in this section 
are independent of the mass matrix textures. They are 
just a consequence of imposing to Lagrangian © the 
maximal residual symmetry, i.e. the symmetry of the 
mass matrices. 



B. Mass-independent textures 

Since a common feature in many flavor models is that 
the matrices tod, Mr, and TOj^ exhibit mass-independent 
textures, it is worth studying this case and its implica- 
tions for leptogenesis. In this section we do not look at 
residual symmetries in the Lagrangian, but rather to the 
particular textures of the mass matrices in the type I 



seesaw framework. Let us we rewrite the seesaw formula, 
Eq. dg), as 

d^ = Ad]^^A^, (29) 

where 

A = UluE doU^'UR (30) 

is a real matrix, which is independent of the light and 
heavy Mi neutrino masses. 

The above seesaw relation leads to the sets of equations 

Y,M^^Al=m,, Y.^^k'A^kAjk^O, (31) 

k k 

for the diagonal and off-diagonal elements, respectively. 
When no degeneracy in the heavy neutrino sector is 
present, in order to satisfy the second relation of 
Eqs. (pij) . at least six of the elements Aij should van- 
ish. If the heavy neutrinos are degenerate, there are ad- 
ditional solutions to these equations which simply corre- 
spond to the replacement Ur — > Ur O, as allowed by the 
freedom in rotating the i^r flelds. 

The solutions of Eq. ([29)) or, equivalently, Eqs. ([3T|) . 
can be divided into two classes: det ^ and 
det = 0, which we discuss next in detail. 

1. det nil, 7^ 

Since the matrix A has at least six zero entries and 
det A = det djj ^ 0, its possible textures are of the form 
of a permutation matrix. This in turn implies that the 
matrices AA"^ and A'' A should be diagonal. From the 
definition of A given in Eq. we then conclude that 

UluE - PK, uE^Ur - K*P', (32) 

which are equivalent to the relations given in Eq. (|28p . 
These relations clearly reflect the required correlations 
between the different unitary matrices that diagonalize 
mo, Mr, and m^ with mass-independent textures and, 
simultaneously, verify the seesaw formula ((29)) . 

Thus, if det TOj^ ^ 0, the assumption of mass- 
independent textures leads to the symmetry relation 
given in Eq. (fT5)) . In other words, Lagrangian ^ ex- 
hibits the maximal residual symmetry, i.e. the symmetry 
of mass matrices. We remark that this result holds for 
any mass-independent texture model, and, in particular, 
for flavor models that predict a mass-independent lep- 
tonic mixing. The conclusions for leptogenesis are there- 
fore exactly the same as before, namely, the vanishing of 
the leptogenesis asymmetry in leading order. 

2. det m„ =0 

The present neutrino oscillation data does not preclude 
the existence of a massless neutrino, so it is pertinent to 
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analyze this case. Since in the relevant basis for leptoge- 
nesis = U^A, the combination H = m'^m'jj = A^A 
is always real, thus forbidding unflavored leptogenesis. 
From the first relation in Eqs. ((3T|) one sees that the 
i-th row of A corresponding to rrii = is null. More- 
over, the second relation prohibits the coexistence of 
two nonvanishing elements in any column of A. Con- 
sidering the very restrictive set of A-textures that ver- 
ify Eqs. pip , it is easy to show that the combination 
™S,Qj'^ri,Qj = Y^k,k' U*f,Uak'AkiAk'j always vanishes 
unless k = k' . In the latter case, the above combination 
is always real, which then implies that the CP asym- 
metries given in Eq. (|15p are equal to zero and flavored 
leptogenesis is also forbidden. 



IV. CONCLUSIONS 

In conclusion, we have shown that the type I see- 
saw flavor models in the literature that lead to a mass- 
independent leptonic mixing do not have leptogenesis in 
leading order. In particular, in models that predict the 
HPS tribimaximal mixing, the residual symmetry of the 
Lagrangian is the symmetry of the mass matrices and a 
symmetry relation connecting the left and right sectors 
through the Dirac-neutrino mass matrix is obtained. As a 
consequence, in these models the Dirac-neutrino Yukawa 
coupling combinations relevant for leptogenesis can be 



rendered diagonal in the weak basis where the charged 
leptons and heavy Majorana neutrinos are diagonal. 

Finally we remark that our conclusions do not neces- 
sarily remain valid if other types of seesaw mechanisms 
are invoked. For instance, for a hybrid type I/II see- 
saw, where a scalar SU{2) l triplet is added, combina- 
tions such as lT[^[{m'^JJml,^ rn*j^)kk\ and Im[Tr[m^^*mf,]], 
where ml'^^ are the type I and type II seesaw contri- 
butions to the effective neutrino mass matrix 771,^, could 
also appear in the leptogenesis CP asymmetries flT]. It 
can be easily shown that hybrid type I/II seesaw flavor 
models belonging to any of the cases studied here give, 
in general, no restrictions for leptogenesis. 

Note added in proof: After the completion of this 
work, Refs. [l^, Il3 have appeared where some of the 
issues considered here have been partially addressed. 
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